The effects of understory dwarf bamboo ( Sasa kurilensis ) on soil water and the growth of overstory trees were studied in a dense secondary forest of Betula ermanii in northern Japan. Four plots were established in a Betula ermanii forest with Sasa kurilensis in the understory. The Sasa was removed in two of the plots. The annual increment of the trunk diameter for each tree was measured in the first two years from the commencement of the experiment. Soil water potential was similar in the plots following significant rainfall, but was found to be greater in the plot without Sasa between rainfall events. This suggests that the removal of Sasa slows the reduction of soil water after rainfall. The relative growth rate of the trunk diameter of Betula ermanii increased with tree size in all of the plots because taller trees strongly suppressed smaller ones in the dense forest. The growth rates of Betula ermanii were higher in the plots without Sasa . However, the difference in growth rates between all of the plots tended to be smaller in smaller size classes, possibly because smaller trees were strongly suppressed by larger ones, irrespective of the presence/absence of Sasa . Therefore, the removal of Sasa increased soil water and encouraged the growth of larger Betula ermanii in dense forest during the first two years after the Sasa was removed. The present study suggests that Sasa can reduce the growth of larger Betula ermanii in dense forest by limiting available soil water to these trees.
INTRODUCTION
Forest understory vegetation is often dominated by herbaceous species in temperate and boreal forests (Roberts et al . 1980; Nakashizuka & Numata 1982; Taylor & Qin 1988; Kojima 1994; Gratzer et al . 1999; Takahashi et al . 1999) . Dwarf bamboos, belonging to the genus Sasa , form dense undergrowth in Japanese forests (Suzuki 1961 (Suzuki , 1962 . The leaf area index (total leaf area per unit ground area, LAI dimensionless) of dwarf bamboo can occasionally exceed 5.0 in open habitats (Oshima 1962; Kitamura et al . 1996) . When dwarf bamboo is abundant, soil surface becomes heavily shaded. Konno (2001) reported that the relative light intensity under the dense foliage of Sasa tsuboiana Makino was approximately 1%. Many researchers have reported that tree species struggle to regenerate in forests with bamboo cover, and as a result, many attempts have been made to reveal the effects of dwarf bamboo on tree seedling establishment (Nakashizuka & Numata 1982; Nakashizuka 1988; Takahashi 1997; Kudoh et al . 1999) . Despite this, there have been few studies on the effects of dwarf bamboo on the growth of overstory trees.
Plants compete for resources such as light, soil water and nutrients. In dense forest, taller plants suppress the growth of smaller ones because of light interception (i.e. asymmetric competition). Although understory Sasa can not shade overstory trees, it is likely to affect the growth of overstory trees through below-ground competition for soil resources (water and/or nutrients) because belowground competition is symmetric (Weiner 1990 ). However, little empiric evidence is available that confirms that understory Sasa affects the growth of overstory trees through below-ground competition for resources in the soil. Examining this theory is essential for understanding forest dynamics, especially in Japan, where Sasa abundance is high.
The present study attempts to reveal whether the presence of understory dwarf bamboo ( Sasa kurilensis Makino et Shibata) reduces soil water and the growth of overstory trees in a dense secondary Betula ermanii Cham forest in northern Japan. We established two experimental plots with Sasa understory and two without, and then compared soil water potential and the growth rates of Betula ermanii between the plots.
METHODS

Study site
This study was carried out at the Uryu Experimental Forest of Hokkaido University in northern Japan. The mean annual temperature was 3.0 ∞ C, and the mean temperatures of July and January were 17.9 ∞ C and -12.1 ∞ C, respectively, between 1961 and 1980. Annual precipitation was 1572 mm. The vegetation of the Uryu Experimental Forest consists of coniferous species such as Abies sachalinensis Mast. and Picea glehnii Mast. and deciduous broad-leaved species such as Quercus crispula Blume, Acer mono Maxim., Acer palmatum ssp. matsumurae Koidz., Betula ermanii , Magnolia obovata Thunberg and Tilia japonica Shimonkai (Takahashi et al . 2003) . Nomenclature follows (Ohwi 1961; Satake et al . 1993; Ohashi 2001) . Leaf emergence of deciduous broad-leaved tree species occurs in late May or early June, and leaves completely fall by mid or late October
The study site was located at a flat ridge on Mt. Jinja (580 m above sea level) in the Uryu Experimental Forest. This area was a secondary forest of Betula ermanii . The forest floor was covered with dwarf bamboo. The height of Sasa kurilensis was approximately 2.5 m. The LAI of the understory Sasa layer was 0.9 and that of the overstory tree was 4 (Takahashi et al. unpubl. data).
Plot survey
In 1998, two 15-m ¥ 15-m plots (plots 1a and 1b) were established in a dense secondary Betula ermanii stand with a 6-m trunk height. The other two 20-m ¥ 30-m plots (plots 2a and 2b) were established in another dense area with a 9-m trunk height and were1 km from the first pair of plots. There were no canopy gaps in the four plots. The distance between plots 1a and 1b was 60 m, and was 30 m between plots 2a and 2b.
All of the trees within the four plots were tagged at breast height in late September (the end of the growing season) in 1998. The trunk height and the trunk circumference, which were 5 cm below the number label of each tree, were measured. All Sasa within plot 1b, plot 2b and a 5-m buffer were then cut with trimmers and sickles, and transferred to the outside of the plots. The trunk circumference was carefully re-measured at the exact location in late September 1999 and then again in 2000. The dead trees found between 1998 and 2000 were also recorded.
Soil water potential
Soil water potential at a depth of 25 cm was manually monitored in the four plots with tensiometers from July to October at about 10-day intervals in 1998 (before Sasa removal) and 1999 (after Sasa removal). The air pressure inside the tensiometers was measured with a handy manometer (PG-100, Copal Electronics Corp., Tokyo). Replicates of the tensiometers were approximately between 10-20 in each plot in each year (1998 or 1999) . The tensiometers were randomly placed within each plot and measurements were conducted approximately at noon. Daily rainfall was measured at the station of the experimental forest (5 km from the study area).
Data analyses
The effect of Sasa removal on seasonal changes in soil water potential was analyzed using a repeated measures ANOVA with one between-subject factor ( Sasa treatment) and one within-subject factor (day). The analysis was conducted for each of the two growing seasons, 1998 (before Sasa removal) and 1999 (after Sasa removal). Although we measured soil water potential in all of the plots in both years (1998 and 1999) , most of the tensiometers installed in plot 1a could not be measured in 1999 because the water level inside the tensiometers was too low. Therefore, we could not compare soil water potential between plots 1a and 1b. The low water level inside the tensiometers in plot 1a with Sasa indicates drier conditions in the soil in this plot than in plot 1b without Sasa . Some tensiometers could not be measured in the other plots because of the reduced water inside the tensiometers. These tensiometers were excluded from the analysis.
The compared between the plots with and without Sasa , by using a repeated measures ANOVA with two between-subject factors ( Sasa treatment, d.b.h. class) and one within-subject factor (year). The analysis was performed for both pairs of the plots.
RESULTS
Plot description
Betula ermanii occupied 96% of the total density in plots 1a and 1b and 72% in both plots 2a and 2b (Fig. 1) . Subordinate trees were all deciduous broad-leaved species: Phellodendron amurense Rupr., Sorbus commixta Hedland, Salix caprea L and Aralia elata Seem.
Although the size structure was not largely different between the paired plots in each stand, total densities were lower in plots 1a and 2b than in plots 1b and 2a, respectively (Fig. 1) . Mean d.b.h. were larger in plots 1a and 2b than in plots 1b and 2a, respectively. Thus, plots 1a and 2b were slightly more developed than plots 1b and 2a respectively, because there were many smaller trees in plots 1b and 2a. As for the four plots established in this study, the slope of the regression was -1.51 when log-transformed mean volumes of individual trees within a plot was plotted against log-transformed tree density of the plot. This indicates that these stands were over-crowded and self-thinning occurred, because the slope of the regressions is expected to be -1.5 for stands under self-thinning process (cf. Yoda et al. 1963; Kikuzawa 1988) .
Soil water potential
In 1998 (before Sasa removal), seasonal trends in soil water potential at a depth of 25 cm were similar between plots 2a and 2b (Fig. 2 , Table 1 , P = 0.989 for treatment). Although soil water potential in each plot changed in response to rainfall (Fig. 2 , Table 1 , ANOVA, P < 0.001 per day), there were no consistent differences in soil water potential between the two plots before Sasa removal (e.g. soil water potential was less in plot 
Growth of Betula ermanii
For each pair of plots, the relative growth rates of d.b.h. of Betula ermanii differed between the two growing seasons (Fig. 3 , Table 2 , P < 0.05 per year). This was most evident in plots 1a and 1b where the relative growth rate decreased at all size classes in 2000. The relative growth rates differed among size classes in each stand; that is, the relative growth rates were lower in smaller size classes for each pair of plots (Fig. 3 , Table 2 , P < 0.001 for size). The relative growth rates were lower in the plot with Sasa than in the plot without Sasa for each pair of plots. This demonstrates the effect of understory Sasa on the growth of overstory Betula ermanii (Fig. 3 , Table 2 , at least P < 0.005 for treatment). This was more conspicuous in larger size classes in the comparison between plots 1a and 1b (Fig. 3 , Table 2 , P < 0.001 for treatment ¥ size interaction). Although the relative growth rates in larger size classes also seemed to be lower in plot 2a with Sasa than those in plot 2b without Sasa, statistical significance was not detected (Fig. 3 , Table 2 , NS for treatment ¥ size interaction).
DISCUSSION
Soil water potential was lower in plot 2a with Sasa than in plot 2b without Sasa in 1999, although soil water potential was similar between the two plots in 1998 (before Sasa removal). This suggests that Sasa removal increased soil water. Several researchers have also reported that the removal of understory vegetation increases soil water (Lambert et al. 1971; Kelliher & Black 1986; Oren et al. 1987) , usually as a result of decreased transpiring leaf area. Roberts et al. (1980) and Kelliher & Black (1986) reported that transpiration of understory plants was approximately 20 to 30% of total forest transpiration. Thus, the water uptake by Sasa transpiration can also not be ignored in our study. Sasa may reduce soil water not only by their transpiration but also by their rain interception. However, the difference in soil water potential between the plots with and without Sasa was greater between the significant rainfall events compared with after rainfall. This suggests that Sasa reduces soil water mainly by their transpiration rather than by their rain interception. The relative growth rate of d.b.h. of Betula ermanii increased with tree size in all the plots, Mid-point of diameter at breast height class (cm) Relative growth rate in Diameter at breast height/year which suggests intense asymmetric competition for light in this dense stand, that is, taller trees suppressed smaller ones but not vice versa (Cannell et al. 1984; Schmitt et al. 1987; Weiner 1990) . As for the effect of understory Sasa on the growth of overstory Betula ermanii, the growth rates of Betula ermanii tended to be lower in the plots with Sasa than in the plots without Sasa. It seems that lower growth rates of Betula ermanii in the plots with Sasa than in the plots without Sasa are partly due to lower photosynthetic production in response to the limitation of soil water availability due to competition for water with Sasa. This is because stomata often close in response to the limitation of soil water availability (Babalola et al. 1968; Bréda et al. 1995; Granier and Bréda 1996; Kallarackal & Somen 1997; Cienciala et al. 1998; Miller et al. 1998; Oren et al. 1998) . The difference in the growth rates between the plots with and without Sasa tended to be smaller in smaller size classes, especially in the pair of plots 1a and 1b. The small differences are possibly because smaller trees were strongly suppressed by larger ones, irrespective of Sasa. Therefore, it is likely that Sasa reduces the growth of larger Betula ermanii trees by reducing available soil water to these trees in dense forest.
However, this theory must be treated with caution because we could not eliminate other possible factors affecting the growth of Betula ermanii. In particular, competition for nutrients could be important. That is, Betula ermanii might grow more in the plots without Sasa as a result of increased access to soil nutrients rather than soil water. Recently, Kume et al. (2003) demonstrated that the presence of understory vegetation decreases both water and nutrient supplies for overstory pine trees (Pinus densiflora Sieb. et Zucc.). Thus, competition for nutrients could also be an important factor affecting the growth of Betula ermanii. Takahashi et al. (2002) found that the daily maximum soil temperature at a depth of 5 cm was slightly higher (1-2∞C) during summer in the plots without Sasa because solar radiation penetrates to the soil surface if Sasa is absent. High soil temperatures can enhance microbial activity in the soil which increases the decomposition rate of organic matter (Van Cleve et al. 1983 ). This in turn supplies more nutrients for overstory trees. Unfortunately, we do not have enough information to evaluate the relative importance of soil nutrients on the growth of Betula ermanii compared with soil water.
The removal of Sasa increases soil water and the growth of larger Betula ermanii in the first 2 years after Sasa removal. Therefore, this study suggests that understory Sasa can possibly reduce the growth of larger Betula ermanii through competition for water. However, further studies are necessary to evaluate the importance of competition for 
